Hec-6st is a highly specific high endothelial venule (HEV) gene that is crucial for regulating lymphocyte homing to lymph nodes (LN). The enzyme is also expressed in HEV-like vessels in tertiary lymphoid organs that form in chronic inflammation in autoimmunity, graft rejection, and microbial infection. Understanding the molecular nature of Hec-6st regulation is crucial for elucidating its function in development and disease. However, studies of HEV are limited because of the difficulties in isolating and maintaining the unique characteristics of these vessels in vitro. The novel pClasper yeast homologous recombination technique was used to isolate from a BAC clone a 60-kb DNA fragment that included the Hec-6st (Chst4) gene with flanking sequences. Transgenic mice were generated with the ␤-galactosidase (LacZ) reporter gene inserted in-frame in the exon II of Hec-6st within the isolated BAC DNA fragment. LacZ was expressed specifically on HEV in LN, as indicated by its colocalization with peripheral node vascular addressin.
H
igh endothelial venules (HEV) are the site of entry of naïve lymphocytes into the lymph node (LN) parenchyma from the blood stream. Lymphocyte tethering along HEV in LN is mediated by the interaction of L-selectin expressed on the surface of lymphocytes and L-selectin ligands expressed on HEV. The major class of L-selectin ligands are recognized by monoclonal antibody MECA-79 and termed peripheral node vascular addressin (PNAd) (1) . PNAd is composed of several scaffold glycoproteins including GlyCAM-1, CD34, and Sgp200 (2, 3) . These proteins are posttranslationally modified to generate the sulfosialyl-Lewis x epitope recognized by the prototypic antibody MECA79 by HEV-restricted sulfotransferase activity.
HEC-6ST (4, 5) is a HEV-specific GlcNAc-6-sulfotransferase [gene name Chst4, also termed LSST (6), HEC-GlcNAc6ST, GST3 (7), or GlcNAc6ST-2 (8) ] that specifically sulfates C-6 of N-acetylglucosamine in high endothelial cells (HEC). The Hec6st gene is expressed predominantly on HEV in LN, with only limited expression in other tissues (6, 7) . HEC-6ST is required for luminal PNAd expression on HEV (9) because luminal PNAd expression is lacking and lymphocyte homing to the LN is reduced by 50% in Hec-6st deficient mice, indicating its importance in HEV function (9, 10) .
Ectopic accumulations of lymphoid cells that have characteristics of organized lymphoid tissue are found in many types of chronic inflammatory stimulation, including autoimmune diseases, such as type I diabetes and rheumatoid arthritis, graft rejection, and microbial infection (8, (11) (12) (13) . These accumulations, termed tertiary lymphoid organs or tissues (TLO), arise through a process called lymphoid neogenesis (14) . HEV found in such TLO frequently express PNAd and HEC-6ST (11, 12) . Although it is not clear whether the expression of PNAd in these pathological situations is a prerequisite or the consequence of the chronic inflammatory process, the presence of HEV allows entrance of naïve cells into the site and provides the possibility of further damage through the process of epitope spreading (15) . Thus, understanding the regulation of HEV is crucial for gaining insight into their regulation in ontogeny and pathology.
The HEC is highly specialized and loses its characteristic appearance and gene expression soon after isolation from the original microenvironment (16) . In fact, even in the ex vivo LN culture, where presumably the microenvironment is preserved to some extent, HEV become flat-walled, with a 45-50% reduction in the capacity to bind lymphocytes within 24 h of culture (17) . Thus, it is particularly difficult to study HEV regulation and function in vitro. Therefore, here we aimed to isolate the regulatory elements of a HEV-restricted gene such as Hec-6st and to express a reporter gene under its control in vivo in transgenic mice. This approach allows the generation of transgene constructs that can use Hec-6st regulatory sequences to drive expression of fluorescent marker proteins for visualization of HEV or of inhibitors to prevent the development of TLO in chronic inflammation in vivo.
The yeast-bacteria shuttle vector pClasper was developed to facilitate the functional analysis of genes (18) . DNA of up to several hundred kilobases can be carried in pClasper, modified by using yeast genetic techniques, and expanded in bacteria. The inclusion of large genomic regions in the transgene has been shown to produce a more faithful pattern of gene expression at high frequency because distant regulatory elements are included. In this study pClasper was used to capture the mouse Hec-6st gene and modify it by in-frame insertion of a reporter gene in the Hec-6st coding region. The resultant reporter gene construct was used to produce transgenic mice expressing LacZ under control of the Hec-6st gene regulatory elements. The transgene was expressed on HEV in LN, nasal-associated lym- phoid tissue (NALT), and TLO. Its expression pattern faithfully recapitulated that of the endogenous Hec-6st gene.
Results
Regulatory Sequences of Hec-6st Are Included in a 60-kb BAC DNA Fragment. As a highly HEV-specific gene, Hec-6st is of particular interest in our study. It serves as a marker of both the developmental stage and function of HEV. Initially, transgenic mice were generated with constructs with either 4-kb or 9-kb Hec-6st upstream flanking sequence fragments driving the reporter gene. Although several mice contained those transgenes, none exhibited reporter gene mRNA transcripts or protein expression in HEV, demonstrating that even a 9-kb 5Ј-flanking sequence did not contain the elements required for tissue-specific expression (data not shown). Thus, we concluded that a larger portion of the gene was required to generate HEV-specific expression.
To capture the regulatory elements of Hec-6st, we used the novel pClasper technique to isolate from BAC clone 20473A a 60-kb DNA fragment that included the entire Hec-6st gene and upstream and downstream noncoding sequences. The reporter gene LacZ, along with the URA3 yeast selection marker, was inserted in-frame into exon II of the isolated Hec-6st gene by homologous recombination in yeast, and transgenic mice were prepared (Fig. 1A) . The construct produced by this technique did not affect the efficiency of transgenic mouse preparation. Eleven of 43 progeny (25.6%) contained the transgene, as detected by Southern blot analysis of tail DNA (Fig. 1B) . No obvious gross phenotypic differences were apparent when the transgenepositive and -negative littermates were compared. Significantly, their lymphoid organs appeared normal. Several transgenic founder mice were bred with C57BL/6 mice. (Fig. 2A) . The transgene LacZ expression in LN reflected the typical HEV branching pattern including large and small vessels (Fig. 2 Ba, Bc, and Be) (19) . The postcapillary venules in LN progress from small highly branched vessels to larger collecting vessels (19) . Only the higher orders (orders III-V) express PNAd and are the sites of lymphocyte egress from HEV (20, 21) . The LacZ expression clearly follows this specific branching pattern (Fig. 2Be) . Previous studies had shown that the endogenous Hec-6st expression is colocalized with PNAd (8). We therefore costained PLN tissue sections for PNAd with the MECA 79 antibody and for LacZ. LacZ expression was exclusively colocalized with that of PNAd, indicating that LacZ was expressed specifically on HEV in LN, faithfully recapitulating Hec-6st expression (Fig. 2C) . Interestingly, some HEVs stained positive with the MECA 79 antibody but were negative for LacZ. Several possibilities may contribute to this difference. These could include differences in the sensitivity of the detection methods or a lower level of LacZ protein compared with PNAd. It is also possible that these vessels only express another HEV sulfotransferase, GlcNAc6ST-1 (22) . It is possible that these vessels no longer express HEC-6ST once the scaffold glycoprotein has been modified. Peyer's patches were also analyzed. Although abluminal PNAd was detected, LacZ was not colocalized with those vessels, suggesting that abluminal PNAd expression in Peyer's patches is regulated by another sulfotransferase, such as GlcNAc6ST-1. The endogenous Hec-6st gene is known to be expressed in sites other than HEV (6, 7), and there was an unexpected LacZ expression in intestinal villi, which did not correlate with PNAd (data not shown). The villi are sites of lymphocyte recruitment and differentiation into isolated lymphoid follicles (23, 24) . Further studies are needed to investigate whether this expression is authentic but had not previously been noted as a trafficking mechanism.
In the five different lines that were investigated (lines 399, 403, 406, 416, and 427), LacZ was expressed in a branching pattern in the LNs. Line 403 of the transgenic mice had the highest copy of the transgene (Fig. 1B) and the highest levels of LacZ expression. Thus, most of the results shown in this communication were generated by using line 403.
Transgenic LacZ Expression on HEV Mimics That of HEC-6ST in NALT
Development. As a mature HEV marker, HEC-6ST expression is regulated during development (25, 26) . It is induced soon after birth and rapidly increases to the adult level in PLN HEV (data not shown), consistent with the switch from MAdCAM-1 to PNAd expression (26) . HEV development in NALT is considerably slower than that in LN, requiring Ϸ5-6 weeks to attain mature HEV status as we have previously reported (25) . We thus analyzed LacZ expression in NALT during postnatal development. In 3-week-old mice the NALT was smaller than in the adult although it could easily be distinguished from the surrounding tissue by the accumulation of lymphocytes. PNAd expression was mostly abluminal, and HEC-6ST was barely detectable (Fig. 3Ab) . In 6-week-old mice the NALT was fully developed. It was considerably more prominent than in 3-weekold mice, and some HEV expressed HEC-6ST and luminal PNAd (Fig. 3Ad) . We then evaluated LacZ expression in NALT of different lines of transgenic mice. Although LacZ levels differed to some extent between the various lines, it was always significantly higher in NALT isolated from 7-to 10-week-old mice (Fig. 3 Bb and Bd) when compared with 3-week-old siblings ( (27, 28) . Seven days after a single injection of 100 g of LT␤R-Ig per mouse, HEC-6ST and luminal PNAd expression are almost completely inhibited in LN HEV. HEV were somewhat flattened, and some displayed only abluminal PNAd expression. No such inhibition was apparent in the control Ig-injected mice (Fig. 4A) . We then asked whether the LacZ transgene could be similarly inhibited by LT␤R-Ig treatment. Seven days after LT␤R-Ig or control Ig injection, PLN, mesenteric LN, and NALT were isolated from the transgenic mice. LacZ activity was drastically reduced in the LN and NALT of transgenic mice treated with LT␤R-Ig, but not in transgenic mice treated with control Ig, in a pattern identical to that of the endogenous Hec-6st gene (Fig. 4B) .
Transgenic LacZ and Hec-6st Are Expressed in HEV in TLO During
Chronic Inflammation. HEV are a frequent characteristic of TLO in chronic inflammation (8, (11) (12) (13) . Thus, the regulation of HEV is crucial for understanding the role of TLO in pathology. In several strains of laboratory mice deficient in major histocompatibility complex class II gene I-E expression, such as C57BL/6 and SJL (29) , TLO develop spontaneously in the salivary glands of aged mice. Accordingly, in a 15-month-old F 1 transgenic mouse, but not in a 9-month-old sibling, there was a spontaneous lymphoid infiltration in the salivary gland (Fig. 5 A and E) . The cell infiltrate exhibited clear T and B cell compartmentalization (Fig. 5F ), lymphatic vessels (Fig. 5G) , and HEV that expressed PNAd and low levels of HEC-6ST (Fig. 5G and data not shown) , indicating the formation of TLO. LacZ was expressed in the salivary glands of the 15-month-old transgenic mouse, and no such expression was apparent in the salivary gland of the 9-month-old transgene positive sibling, which was negative for cellular infiltrate and HEV (Fig. 5 A-D and H) . The X-Galstained salivary glands were then sectioned (7 m) and stained for hematoxylin (HE) or PNAd. The LacZ transgene was expressed only in the TLO area (Fig. 5I) and exclusively colocalized with PNAd, although some MECA 79 vessels are negative for LacZ as noted above (Fig. 5J) . 
